Low energy surface acoustic waves (SAW) generated from electrically activated piezo elements are shown to effectively prevent microbial biofilm formation on indwelling medical devices. Development of biofilms by 4 different bacteria and Candida species, are prevented when such elastic waves are applied at nanometer range amplitudes. Acoustic wave activated Foley catheters have all their surfaces vibrating with longitudinal and transversal dispersion vectors homogeneously surrounding the catheter surfaces. The acoustic waves at the surface are repulsive to bacteria and interfere with the docking and attachment of planktonic microorganisms to solid surfaces that constitute the initial phases of microbial biofilm development. FimH mediated adhesion of uropathogenic E. coli to guinea pig erythrocytes was prevented at power densities below thresholds which activate bacterial force sensor mechanisms. Elevated power densities dramatically enhanced RBC aggregation.
INTRODUCTION
Indwelling device-related infections constitute a major cause of morbidity and mortality in hospitalized patients, adding considerably to medical cost. Microbial biofilms readily develop on all types of devices, urinary, endotracheal, intravenous and other types of catheters and implants inserted into more than 25% of patients during hospitalization. The incidence of bacterial infections in patients with urinary catheters is approximately 5-10% per day with virtually all patients which undergo long-term catheterization (>28 days) becoming infected (1-3).
The first stage in biofilm formation from planktonic microorganisms is attachment to solid surfaces (4). Attachment stimulates microbial aggregation and proliferation to form microcolonies. The colonies excrete an encasing exopolysaccharide 'slime' which consolidates the attachment to surfaces and the microaggregates differentiate into characteristic biofilms. (5).
Quorum-sensing molecules which generate concentration gradient-dependent signals that control and alter expression of a large number of genes also aid biofilm differentiation. (6-7). Encasing extracellular polysaccharide matrix of biofilms regulates exchange of ions and nutrients with the surrounding environment. This regulation contributes to up to 1000 fold increase in biofilm resistance to antibiotics compared to planktonic bacteria (8) (9) and protects the biofilms from biocides, surfactants and predators. Microbial biofilms also present serious challenges to the immune system because expression of bacterial antigens within the encasing polysaccharide matrix is suppressed and the colonies are highly resistant to phagocytosis by polymorphonuclear cells (10) . Altogether these properties render biofilms exceedingly difficult to eradicate and explain the severity, persistence and high levels of morbidity associated with the infections that they produce.
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The harsh and potentially fatal consequences of microbial biofilm infections generated efforts to prevent their formation, particularly on indwelling medical devices using chemical and mechanical approaches. Catheters coated with hydrogel, silver salts and antimicrobials have been evaluated however they provide minimal reduction in infection incidence (11) . Mechanical approaches to preventing biofilm formation have utilized ultrasonic energy, yet the focus has thus far been on increasing biofilm sensitivity to antibiotics (12) . Ultrasound combinations with antibiotics were found effective only in reducing burden of E. coli biofilms in animal models, falling short of providing a comprehensive solution to the biofilm problem (13) .
We devised an innovative approach in which we generate low energy elastic acoustic waves of practically non thermal range from electrically activated piezo ceramic elements. The vibration energy is transmitted directly to indwelling medical devices in an integrated unit. Our aim has been to achieve dispersion of the acoustic energy on entire surfaces of indwelling medical devices varying in consistency and structure. We analyzed the physical and power requirements for harnessing these waves to prevent microbial attachment and biofilm formation.
The findings were consolidated into piezo actuators generating low power acoustic waves at frequencies ranging between 100-300 kHz. Results of studies evaluating the efficacy of these actuators in preventing biofilm formation on indwelling medical devices from several microorganisms, in vitro and in animal models, are presented.
MATERIALS AND METHODS:
Generation and dispersion of acoustic vibration energy on the surface of catheters A surface acoustic wave-generating device capable of transmitting the vibration energy directly onto indwelling catheters has been constructed. A battery powered electronic driver
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on November 12, 2017 by guest http://aac.asm.org/ Downloaded from delivers periodical rectangular electrical pulses to an actuator harboring a thin piezo ceramic plate. Piezoelectric vibrations are generated in the actuator at frequencies of 100-300 kHz with acoustic intensity of 200 mW/cm 2 and amplitudes of 300-800 nanometers.
Low-energy surface acoustic waves spread from an actuator to catheters, covering all surfaces with waves at amplitudes of between 0.2-2 nanometers. These waves acquire two vectors as shown in Fig. 1A . A longitudinal vector spreads parallel to the wave propagation x axis along the catheter surface, triggering horizontal particle displacement (U R ). Another transversal compression wave component (W R ) develops on the y axis in the direction of surrounding tissues or fluid. Consequently, all catheters are covered with a virtual vibrating coat.
The acoustic pressure amplitudes of the waves vary on different parts of urinary catheters (body, balloon and tip) as shown in a simulation of their measurements (Fig. 1B) . The largest transversal vector directed perpendicular to the catheter surface, is detected around the balloon with maximal power intensities of < 1.1mW/cm 2 . These non-cavitational power intensities are three orders of magnitude lower than the thresholds beyond which cavitation is produced (frequency f=100 kHz at acoustic intensities of 0.5-2x10 3 mW/cm 2 ) (14, 15).
6 counts. The selected bacteria were brought to a concentration of 10 3 CFU/ml in a mixture of 50% of solution (1), 8 gr TSB, and 8 ml fetal calf serum (FCS, Gibco) in 1 liter of phosphate buffer saline (PBS, Gibco) and (2) 50% heat sterilized human urine from a healthy donor and placed in a chemostat to which the flasks were connected and sealed with plastic covers. The media were passed over the catheters in the flasks continuously for the 3 day duration of each experiment.
Flow was achieved via a peristaltic pump at a rate of 0.5 ml/min under a temperature of ~ 30 o C with input media replaced daily (batch system). Signals for surface acoustic nanowaves were monitored twice daily in the active chambers using a highly sensitive hydrophone. After 3 days, the catheter segments were rinsed and cut into two halves. One half was subjected to sonication at 20 KHz 3-4 Watt output (model 550 sonicator, Fisher Scientific) to shed the biofilm off the catheter. Overall bioburden on catheter surfaces was assayed by plate counts on blood agar of removed biofilm mass from 3 cm sections of the catheters. Other sections were left intact for biofilm assessment by scanning electron microscopy (SEM).
Preparing catheter samples for SEM
Catheter samples were fixed in 4% buffered formaldehyde (Frutarom, Israel), rinsed 4x with phosphate buffered saline (GIBCO). Critical drying was performed with ethanol at concentrations increasing from 25% to 100% in double distilled water (ddw). The samples were dried in a Critical Point Dryer (BIO-RAD C.P.D 750), mounted on metal stubs and coated with a gold layer. Three different points were examined in each catheter by SEM at magnifications: x500 -x1000 and x3500.
Catheters removed from rabbit urinary bladders were sectioned into fragments one cm long of body, balloon and tip of each catheter and processed for SEM as indicated above. The outer
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Evaluation of SAW effects on microbial biofilm formation on urinary catheters in rabbits
The animal studies were approved by the Following catheterization the piezo elements were activated with power from an AC source and remained active throughout the full duration of the experiments (7 days in one experiment, up to 8 days in a second and 9 days in a third experiment). Catheters showing markedly decreased or no urine output for 12 hrs, were unblocked using sterile flexible wires. Urine was collected once daily in a sterile manner from the bag throughout the experiment, serial dilutions were performed in PBS, 100µl dispersed evenly on blood agar plates (Hylabs, Rehovot, Israel) The bacteria were analyzed for ability to form biofilms and to induce guinea pig RBC aggregation. Bacteria 10 9 /ml were applied to a 4% guinea pig erythrocyte suspension in saline (0.9% NaCl) in 50 mm Miniplast Petri dishes to which a single SAW actuator has been attached at the external bottom surface of the plates. D-Mannose at a final concentration of 50 mM was used to confirm mannose receptor specificity of the interaction with FimH. The plates were monitored microscopically at room temperature after 15 min, 1 hr and three hrs for SAW effects on bacterial adhesion-mediated aggregation and photographed with a Nikon digital camera.
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Statistical analyses
Two tailed student T test has been used for determination of statistical significance with P<0.05 as a cutoff.
RESULTS:
Prevention of microbial biofilm formation by surface acoustic waves
We examined the effects of low-energy SAW on biofilm formation by 4 common clinically relevant types of microorganisms on several types of surfaces including 16Fr urinary catheters to which actuators were attached. Bacterial bioburden on catheter surfaces, measured by plate Other segments of these catheters were examined by scanning electron microscopy and results obtained with Candida albicans, Proteus mirabilis and E.coli are presented in Fig. 2 . The SAW treatment effectively reduced biofilm formation leaving catheters virtually clean of adherent microorganisms irrespective of the types of bacteria that were examined. Similar prevention of microbial cell adhesion and biofilm formation were also noted on glass rod surfaces attached with piezo actuators (data not shown), indicating that these element-generated elastic waves can be adjusted to prevent microbial adhesion and biofilm formation on surfaces varying in consistency and shape.
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Surface acoustic waves interfere with adhesion of planktonic microorganisms to cellular surfaces Our analyses of mechanisms by which SAW interferes with bacterial biofilm formation focused on the hypothesis that SAW targets the adhesion of planktonic bacteria to surfaces, the first step in the biofilm formation process. We used as a model for evaluating SAW effects on bacterial adhesion the mannose receptor-specific adhesion of uropathogenic E. coli bacteria to guinea pig erythrocytes via type 1 pili, FimH lectin, which culminates in RBC aggregation (16) .
In this system bacterial adhesion occurs rapidly, can be easily monitored microscopically in real time and enables an easy and accurate monitoring of the reversibility of the acoustic wave effect upon cessation of the treatment.
Vibration energy-generating actuators were attached to the external bottom surfaces of 50 mm Miniplast Petri dishes in which uropathogenic E. coli bacteria were co-cultured with guinea min after administration of the bacteria and monitored through three hours. Figure 3A shows that SAW effectively prevented RBC aggregation at these two power intensity outputs throughout the time of follow up. The findings support our hypothesis that SAW interferes with lectin mediated adhesion of planktonic bacteria to substrates.
We deactivated the SAW treatment and continued to monitor the plates with time lapse photography. Guinea pig erythrocyte aggregation resumed 10+4 min. after SAW termination, a rate similar to RBC aggregation in control plates (12 + 3 min, difference not significant). These findings indicate that inhibition of RBC aggregation by SAW is mechanical, readily reversible following SAW deactivation and does not diminish the functionality of the FimH lectin on fimbriae. The bacterial mechanism for adhesion to RBC and other cells is, thus not damaged by SAW. Once aggregation has taken place RBC aggregates could no longer be dissociated by resumption of the SAW treatment (not shown) although it was reversed by D-mannose.
We next examined the correlation between levels of SAW energy that were applied and E.
coli-induced RBC aggregation. SAW activated with 0.05-0.20 mW/cm 2 effectively prevented RBC aggregation (Fig. 3A) , however increasing the output to beyond a 0.35 mW/cm 2 threshold converted the inhibition into a significant enhancement of bacterial attachment. Exceedingly large RBC aggregates formed as shown in Fig. 3B (middle panel), which were susceptible to dissociation with D-mannose ( Fig. 3B right panel) and gradually dissolved upon cessation of the 
Prevention of microbial biofilm formation on urinary catheters with acoustic nanowave actuators in an animal model in vivo.
The ultimate preclinical determination of whether SAW generating piezo actuators can interfere with microbial biofilm formation on urinary catheters in clinical settings is in animal studies. We inserted 10Fr Foley catheters attached with a piezo actuator at the extracorporeal portion of the catheter into the urinary bladders of male rabbits in a sterile manner. The devices were activated for up to 9 days in 4 of eight tested rabbits (in three separate experiments). Urine samples were collected daily, bacterial load titrated and time to bacteriuria determined. Urine from rabbits with SAW treated catheters remained sterile for 5, 7 and 9 days, (26 cumulative days of sterile urine) despite the extensive contamination of the perineal area with feces.
Furthermore, the bacteriuria which did develop in some rabbits was mostly of low titers, whereas 3 of 4 control rabbits developed bacteriuria of >10 6 CFU/ml within 2-3 days and the fourth a titer of >10 8 CFU/ml on day seven. The average number of days to development of urinary tract infection, defined as bacteriuria of >10 5 CFU/ml, was 7.3 + 1.3 days for the SAW treated animals versus 1.5 + 0.6 days in the non treated controls (p<0.0009 in two tailed student's T-test, n=4) ( Table 2 ).
At termination of the experiments the animals were sacrificed, the bladder and urethra cut open and the catheters removed carefully avoiding disruption of the biofilms. Biofilm content was examined by SEM. Analyses of the internal surfaces of recovered catheters reveal strong
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Evaluation of the integrity of mucous membranes by histological and ultrastructural analyses in all control and vibrated animals revealed that the treatment with SAW did not produce any histopathological changes. Furthermore, uroepithelial integrity was found to be less affected by trauma and better conserved in the vibrated animals compared to controls (data not shown).
DISCUSSION:
The remarkable flexibility by which microorganisms adapt to changing environments or become insulated from environmental hazards has been the core of shortcomings in the ability of chemical approaches to prevent microbial biofilm formation on implanted medical devices.
Efforts to eradicate biofilms therefore include mechanical approaches, which thus far have mainly been aimed at increasing the penetration of antibiotics into microbial colonies (12, 13) .
We have contemplated utilization of mechanical vibration energy to interfere with early events in the biofilm development process -the adhesion of planktonic microorganisms to surfaces. By preventing adhesion we sought to abort their subsequent firm attachment to substrates (17) , the gene expression reprogramming and synthesis of the corresponding protein products that transform the lifestyle of microorganisms from planktonic to sessile form (18) (19) (20) .
We also speculate that chaotic microstreaming produced in fluids by the ongoing vibrations hamper development of coherent concentration-dependent gradients of quorum sensing 
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